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We build up a self-consistent equation and derive a general equation of orientational phase transition
between a normal-director phase and a tilted-director phase for smectic monolayers on a water
surface under monolayer compression with a consideration of molecular configuration. A
differential dielectric constant for monolayer films is discovered and discussed. The change of the
first orientational order parameter and the dielectric constant at the polar orientational phase
transition point is also examined. It is found that the influence of the polar orientational phase
transition on the first orientational order parameter in monolayer films is clear compared with that
on the dielectric constant. This reveals that Maxwell-displacement-current measuring technique




















































The study of organic monolayer films at an air–wa
interface has been a subject of many fields during
century.1,2 Recently there has been an upsurge interest in
study of the relationship between the monolayer struct
and its dynamical features of these systems.3–5 The mono-
layer films have been found to be closely similar to biolo
cal membrane and have been used to explore the phy
properties of membrane structure. These systems often
resent the principal component of biological membrane
two manners. First, these monolayers can be viewed as
dimensional~2D! systems determined by geometrical co
figuration on the molecule scale. Second, the orientatio
state of the constituent rodlike molecules in monolayers
termines the dielectric properties in the direction normal
the monolayer surface. The state of monolayers usually
be characterized by certain order parameters.6 In monolayers
of polar molecules on a water surface, there are at least
order parameters: one is the molecular configuration, i.e.,
positional distribution of the heads of molecules on a wa
surface,7,8 and the other is the orientation of the molecu
tails.6 These two order parameters have been found to be
fundamental parameters for monolayer films and can be c
nected to some physical quantities via some mathema
implementations.
For monolayers, the calculation of the dielectric const
is also of considerable interest. This can be carried out
considering a 2D array consisting of rodlike molecules.7 The
a!Electronic mail: iwamoto@pe.titech.ac.jp4550021-9606/98/109(11)/4552/10/$15.00























calculation of an infinite 2D array, consisting of dipole m
ments can be traced back to the 1920s when Topping
ported a local electric-field calculation of 2D alignment ro
like uniaxial dipoles on a water surface.9 This kind of
unionized~free from ions! monolayer can be reasonably d
scribed by the Helmholtz model with the Helmholtz equati
~HE!.10 Taylor and Bayes introduced an apparent dielec
constant accounting for the depolarization of the molecu
dipoles for monolayer films. It was defined as the ratio of t
potential difference across the monolayers as a result of
teractions, to the potential difference across the monolay
without any interactions.7 Based on this definition, further
more, the influence of the orientation of the constituent m
ecules in monolayer films on the apparent dielectric cons
can be calculated.11 The apparent dielectric constant defin
so far can be seen as a constant for convenience, to inv
gate monolayers without being subjected to the external e
tric field. This definition plays an important role in the stud
of, for example, the potential difference across monola
films7,10,12and the Maxwell displacement current~MDC!.6,13
A major and explicit advantage is that various physical qu
tities of the monolayer system without an external elec
field can be simply expressed through such a constant
monolayer systems being subjected to the external ele
field, however, the dielectric constant should be redefined
the response of the monolayer films in this case is differ
from the forming process of monolayers by monolayer co
pression. The general definition, the differential definition
the dielectric constant for dielectric materials, including fe
roelectrics, is of great help. The dielectric constant for2 © 1998 American Institute of Physics







































































4553J. Chem. Phys., Vol. 109, No. 11, 15 September 1998 Wu, Ou-Yang, and Iwamotoelectric materials is defined as a differentiation of the elec
flux density with respect to the external electric field at t
point of a zero external electric field.14 In Sec. II C, we de-
fine this differential dielectric constant for monolayer film
and perform a direct comparison with the previous definit
of the apparent dielectric constant.
Besides the investigations on the dielectric consta
which reflects the macroscopic dielectric effect of smec
monolayer films, studies on the phase transition of sme
monolayer films are very important and inevitable. T
theory of LCs on the basis of the elastic theory has been
developed,15 and there have been some papers discussing
phase transition between smectic A and Smectic C LCs
to electrostatic interactions.16,17 However, monolayer films
are structurally different from liquid crystals. The molecul
area is invariable in liquid crystals, and the LC systems h
central symmetry (D`h symmetry!. In contrast, the molecu
lar area of monolayer films varies in the monolayer compr
sion process and normal-director monolayers have p
symmetry (C` symmetry!, because of the interface spati
restriction. Moreover, the in-plane molecular configurati
may influence the phase transition in monolayer fil
through the internal electric field. At the same time, so
experimental observations on a polar orientational ph
transition between smectic phases in monolayer films h
been carried out.18,19 Therefore the development of pha
transition theory for smectic monolayer films is necessa
Cai and Rice constructed a general density function theor
show the phase transition from a hexagonal nontilted t
distorted hexagonal tilted structure.20,21 In monolayer films,
two kinds of phase transition, i.e., orientational phase tra
tion and configurational phase transition, are possibly
volved because of their possible in-plane structural cha
~change of the molecular configuration!, which is different
from that of LCs. That the positional configuration of mo
ecules will influence the intermolecular interaction should
considered in such a kind of phase transition study. In ot
words, the development of a more general description of
phase transition, including the orientational influence a
configurational influence, becomes important. In our pre
ous paper,22 we focused on the polar orientational phase tr
sition and derived a self-consistent polar orientational ph
transition equation for smectic monolayers with a consid
ation of the molecular configuration. In this paper, we offe
detailed explanation of the polar orientational phase tra
tion in smectic monolayer films and examine the change
the first orientational order parameter and the differential
electric constant at this phase transition point.
II. ANALYSIS
Let us consider a tilted-director smectic phase with a
angleuc , as schematically shown in Fig. 1. We choose
coordinate system in such a way that the smectic mo
layer planes are parallel to thexy plane and the monolaye
normal falls along the positivez axis. The angle that the
dipole moment at the origin makes with the layer norma
denoted byu. The dipole at the origin discussed is assum
to be restricted within the angular range@0,uA#, with
sin2 uA5A/pl





































of long molecular axis above the water surface!,6 due to the
hardcore interaction among molecules in monolayer film
Here it should be noted that as part of molecules may
more or less immersed in the water, we just consider
effective part above the water surface, possibly because
part immersed in the water is electrically screened compa
with the part protruding in the air. The hardcore interacti
produces no internal electric field in monolayer films, a
can be regarded as an infinitely high potential well betwee
anduA for the tilt angleu. The molecular area decreases
the monolayer films are compressed. In the tilted-direc
smectic phase, the tilted dipole array that produces the e
tric field is divided into two arrays: one standing perpendic
larly on the water surface with a dipole momentmz and the
other being the projection of the tilted array onto the smec
monolayer plane with a dipole momentmz tanuc . For con-
venience, the coordinate system is selected in such a
that the in-plane projection dipole array on the monola
surface orients in the positivey direction, that is, the interna
electric field can be written asE5(0,Ey ,Ez). The electric
field at the origin is the sum of the fields created by t



















where mz is the depolarization of the monolayer in thez
direction, e0 is the dielectric permittivity of a vacuum
ri(uri u5r i) is the spatial vector of the molecules in the mon
layer plane,ew is the relative dielectric constant of the m
terial surface, andey andez are the unit vectors along they
axis and thez axis, respectively. Here the factor 2ew /(ew
11)@5mz1(ew21)mz /(ew11)# is added, considering the
effective dipole arraymz and an image dipole array with
dipole moment (ew21)mz /(ew11) induced at thez50 in-
FIG. 1. Molecular-orientational model used in the present paper. The di
array is divided into az-direction dipole array and ay-orienting in-plane





























































4554 J. Chem. Phys., Vol. 109, No. 11, 15 September 1998 Wu, Ou-Yang, and Iwamototerface because of the interaction between the dipolar m
ecules and the water surface~Fig. 1!. The summation in Eq
~1! is carried over all sites of dipoles, except the origin of t
infinite 2D dipole array. For further treatment, we also intr
duce Euler angles for the dipole at the originm/m
5(sinu sinf,sinu cosf,cosu). Here f is the azimuthal
angle of the dipole discussed.
A. Orientational order parameters
In order to study the orientational picture of monolaye
one needs some order parameters to describe the ori
tional feature of monolayer films. We make a reasona
assumption that the orientational distribution of the const
ent molecules of the monolayer film discussed here is ru
by Boltzmann statistics. The orientational state of the c
stituent molecules in the monolayer film can be represen
by two orientational order parametersS15^cosu& and
^cos2 u&, which are defined as the thermal averages o



















wherek is the Boltzmann constant,T is the temperature, an
W(u,f) is the interaction energy acting on the molecul
including the intermolecular interaction and the external
teraction applied to the molecules, for example, the exte







exp@2W~u,f!/kT#df sin u du. ~3!






which is nothing but the long range orientational order fi
introduced by Tsvetkov for liquid crystals.25 A special case
of the first orientational order parameterS1 in Eq. ~2! when





which is, in fact, the first orientational order parameter
monolayer films whose constituent molecules are only s
jected to hardcore interaction$W(u,f)50 anduP@0,uA#%.
B. The Helmholtz model and the apparent dielectric
constant es
In the Helmholtz model, an unionized~free from ions!

















dipoles with an equivalent momentmz assume located on
water surface. Though Demchak and Fort proposed a th
layer model in 1974,26 and it is found to be applicable to
number of compounds, as an example to explain the conv
tional definition of a dielectric constant for a monolayer, w
restrict our discussion within the Helmholtz model of a
unionized monolayer. Each molecular dipole in the floati
monolayer is assumed to contribute equally to a polarizat
From the Helmholtz equation, Taylor and Bayes have













es is an apparent relative permittivity accounting for the d
polarization of the dipoles fromm to mz .
7 A further calcu-
lation from Eq. ~6! has been given by Taylor and Baye
assuming a uniform and hexagonal packing, which is
configuration of the maximum nearest-neighbor separa
distance and hence of a minimum electrostatic interac
energy for any given packing. The depolarization of t
monolayer in thez direction is relative to the first orienta
tional order parameterS1 defined by Eq.~2!, as will be dis-
cussed later@Eq. ~9!#.
With a consideration of the restriction of the molecul
dipole orienting within the tilt angle range@0,uA# due to the
hard-core interaction between constituent molecules, we









This is the apparent dielectric constant contributed by
depolarization of the dipole from the dipole array witho
electrostatic interaction to the dipole array with electrosta
interaction. From Eq.~7! and Eq.~9! ~in the case ofE50!,
as will be discussed later, the orientational effect on the
electric constant can be further calculated through so
mathematical implementations, and the behavior of the
parent dielectric constant can be investigated by simply
cussing the first orientational order parameterS15^cosu&.
11
C. Differential dielectric constant for monolayer films
An important and interesting feature of monolayer film
concerns the relationship between the molecular struc
and the dielectric constant of the monolayer films. The
electric constant is, in fact, determined by the molecu
structure of monolayer films. As molecules in monolaye
have permanent dipole moments, an internal electric fiel
produced due to the molecule–molecule interaction, e
when monolayers are placed in free space. In order to st
the dielectric constant that reflects the dielectric respons
materials to the external electric fields, we assume tha
external electric field is imposed upon a monolayer film. T







































4555J. Chem. Phys., Vol. 109, No. 11, 15 September 1998 Wu, Ou-Yang, and Iwamotoand the external field. The dielectric constant of the mo
layer film in this case generally depends on the external e
tric field and the internal molecule–molecule interaction. F





whereE is the external electric field applied to the mon
layer films, for example, in order to measure the dielec
constant of the films,A is the molecular area, andh is the
thickness of the monolayer, which is expressed asl cosuA
~see Fig. 1!. As we have discussed in our previous pap
with a consideration of the electronic polarization and
dielectric anisotropy of a single molecular dipole, the dep
larization of the monolayer in an external electric field is,
the first order, expressed as24
mz5mSE14pe0^aJ–n–n&~E1Ez!, ~9!
considering only the first-order part. HereSE is the first ori-
entational order parameter of the monolayer in the exte
field E and aJ is the electronic polarizability tensor for th
single dipole, which is a rotational ellipsoid in the Cartesi
coordinate fixed in the concerned molecule, with the lo
axis along the long molecular axis.aJ is written as
aJ5S a' 0 00 a' 0
0 0 a i
D , ~10!
wherea i anda' are the electronic polarizabilities along an
perpendicular to the long molecular axis of a single m
ecule, respectively.n is the normal direction of the materia
surface, andE0 is the local field produced by neighborin
dipoles. The direction ofE0 is supposed to be normal to th
material surface from the material surface into air becaus
the cyclic symmetry of the monolayer. The vector of norm
direction to the material surface in the Cartesian frame fi




Substituting the vector of normal directionn and the matrix
of aJ @Eq. ~10!# into Eq. ~9!, gives the depolarization field
mz5mSE14pe0āS 11 Da2ā ^cos 2u& D ~E1Ez!, ~11!
whereā5(a i1a')/2 andDa5a i2a' . The dielectric an-
isotropy induces an effective electronic polarizability,
aeff5āS 11 Da2ā ^cos 2u& D5ā2 16 Da~124S2!. ~12!
The internal electric fieldEz in Eq. ~11! can be calculated by
summing up the electric fields produced by the dipole arr
which is given by Eq.~1! and is related to molecular con
figuration. In order to bridge the internal electric field and t
molecular configuration, we introduce a constantgz to rep-




















where a5A/A0 . Here gz has a unit of M
23. Substituting
Eqs.~1!, ~12!, and~13! into Eq. ~11!, we obtain the depolar-





assuming the relative dielectric constant of the material s
faceew@1. HereSE is the first orientational order paramet
of the monolayer in the external field and can be expande








cosu expS m~E1Ez!kT cosu D





Here it should be noted that the symbol^ & in the above
equation and hereafter in this paper refers to the ther
average in the monolayer system without the application
an external electric field, andS1 is the first orientational or-
der parameter in this case. Using Eqs.~8!, ~14!, and~15!, we






3S m2kT ~^cos2 u&2^cosu&2!14pe0aeffD GE.
~16!
The first term of Eq.~16! is the spontaneous polarization o
the monolayer films and the second term comes from
response of the monolayer system to the external elec
field E. For dielectric materials, the relative dielectric co
stante can be generally defined as the differentiation of t




















12S2!14pe0S ā2 16 Da~124S2! D G . ~17!
This is the relative dielectric constant expressed as a func










































4556 J. Chem. Phys., Vol. 109, No. 11, 15 September 1998 Wu, Ou-Yang, and Iwamotoeter S2 for monolayer film in free space. Here we negle
orders higher than two and approximate 4pe0aeffgza
23/2 to
4pe0āgza
23/2. The first term in the square bracket at t
right-hand side comes from the polar orientation of the c
stituent molecules, and the terms in the round bracket refe
the average effect of the electronic polarizability, includi
the term accounting for the anisotropy of the electronic
larization. It should be noted here that the order parame
S1 andS2 , of which S1 is zero in the case of bulk material
however, are both nonzero quantities in the case of mono
ers. This is a very important characteristic of monolay
films.
D. Polar orientational phase transition in smectic
monolayers
The polar orientational phase transition between
normal-director smectic phase and tilted-director sme
phase induced by monolayer compression in monolayer
a water surface have been verified by some excellent exp
mental observations.18,19 The smectic monolayer films un
dergo a polar orientational phase transition from a tilte
director phase to a normal-director phase as the monol
films are compressed. The interaction energy in the tilt
director smectic phase can be considered as the sum o
interaction energy due to the dipole component array perp
dicular to the monolayer film and the interaction energy d
to the projection of the tilted dipole array onto the smec
monolayer plane. It is written as22
Wt~u,f!52~gy sin uc sin u cosf
2gz cosuc cosu!a
23/2m2, ~18!







5 –ey . ~19!
In a first-order approximation, we letmz5m cosuc in Eq.
~18!. The definitions as written by Eqs.~13! and ~19! are
different from those in Ref. 19 by a factor ofm2/kT and are
based on the assumptionew@1. Equation~18! reveals that
the component dipole array normal to the monolayer surf
and the in-plane projection dipole array play different ro
for the monolayer. The electric field produced by the co
ponent dipole array normal to the monolayer surface tend
maintain the normal-director smectic phase, while the e
tric field produced by the in-plane projection dipole arr
provides the force to deviate the constituent molecules fr
the normal direction. The competition between these t
forces leads to a stable tilted-director smectic phase.
self-consistent theory requires that in the smectic phase
average director deviation or they-axis orientational order
parameter̂ sinu cosf& should be equal touc , the tilt angle
of the director of the monolayer film, that is,
^sin u cosf&'uc , ~20!
under small director deviation approximation. As we assu
that the orientational distribution of the constituent m
ecules in the monolayer is ruled by Boltzmann statistics,



































3e~gy sin ucsin u cosf2gz cosuc cosu!a
23/2m2/kT
3sin u du df
[ f ~uc!, ~21!
whereZ is the single-partition function given by Eq.~3!. The
integration of Eq.~21! is not unreasonably difficult. In an
attempt to express the complicated integration equation~21!,
we introduce two parametersp5gy sinuca
23/2m2/kT andq
5gz cosuca








I n5I n212I n11 .



















ez cosf cosf df.
Using the definition of the Bessel function, Eq.~23!, will
significantly simplify the representation of they-axis orien-
tational order parameter, Eq.~21!. The integration with re-
spect tof of Eq. ~21! is, in fact, of the same form asI 1(z),






u2S 11 qu22 D I 1~pu!du,
~24!
under the assumption thatuqu2u!1. The above equation ca
be further simplified using the relationship among Bes
functions, Eq.~22!. After some calculation, we obtain a sta
equation for smectic-phase monolayer films,
uc5a
1/2sS gyucm2akT D
3H 12gza21/2 m2kT F122 akTgyucm2 sS gyucm
2
akT D G J
[ f ~uc!, ~25!
wheres(z)5I 2(z)/I 1(z). In order to examine the polar ori
entational phase transition in smectic monolayers, we exp












Substituting the above relation into Eq.~25!, it is possible for








































































As the second and the third coefficients of the expansion,
~27!, have the same sign, it is well established that the p
orientational transition between a normal-director phase
a tilted-director phase in smectic monolayers cannot b
first-order one. In other words, a second-order transition
the most reasonable candidate for such a transition. The
eral criterion for such a second-order transition, induced













This is the critical area for monolayer films where the pha
transition between a normal-director phase and a tilt
director phase occurs. The relationship between the mol
lar configuration of monolayer films and the phase transit
is clarified. It is clearly indicated from Eq.~27! that the
tilted-director smectic phase (a,ac) is present ahead of th
normal-director smectic phase (a.ac) during the process o
monolayer compression. From the condition thatac,1 and
ac is a real quantity, we obtain a necessary condition
molecular configuration for a possible polar orientation
phase transition between a normal-director phase an










The condition as expressed in the above equation sugg
that the molecular configuration having the polar orien
tional phase transition should be the one capable of prod
ing a large enough in-plane electric field in one directi
~with large enoughgy!. This involves a competition betwee
two electric fields: the electric field normal to the smec
monolayer films~depending ongz! and the in-plane electric
field ~depending ongy!. The following section will be de-
voted to the quantitative calculation of the orientational or
parameters and the dielectric constant in the normal-dire
smectic phase and the tilted-director smectic phase, res
tively.
III. CALCULATION
To gain more insight into the nature of the polar orie
tational phase transition in smectic monolayer films, we s
from the interaction energy of constituent molecules to c
culate quantitatively the orientational order parameters
the dielectric constant of monolayer films in the norm
director smectic phase and the tilted-director smectic ph
respectively. For simplicity, only the dielectric isotropic ca


























A. Normal-director smectic phase „A/A 0>ac…
In the normal-director smectic phase, the constitu
molecules produce an internal electric fieldEz normal to the
monolayer surface, that is,gy50. This is because the mac
roscopically normal-director smectic phase hasC` symmetry
and no electric fields are produced, exceptEz . Thus, the
dipole at the origin is supposed to have interaction energ
W~v,f!52mEz cosu.
From Eqs. ~11! and ~14!, let the external fieldE50(SE
5S1) and neglecting the dielectric anisotropy, it is easy
one to obtain the relationship between the internal elec





23/2 S1 , ~30!
wherea is the electronic polarizability for dielectric isotro
pic monolayer films. On the other hand, the integrated re
of the first orientational order parameterS1 by Eq. ~2! is a







whereS0 is the first orientational order parameter of mon
layers without any interactions@Eq. ~5!#. Combining Eqs.









which establishes under the approximationmEz /kT. To get
a quantitative sense, the actual simulation of the first ori
tational order parameter in the normal-director phase,
shown in Fig. 2, was performed through a digital repeat
eration of the super equation aboutS1 ,
FIG. 2. Orientational order parameterS1 of smectic monolayers with re-
spect to the molecular areaa. The polar orientational transition between th
normal-director phase and the tilted-director phase induced by the m
layer compression is a second-order one. It is predicted that the MDC
experience a sudden change at the transition point, as the MDC is pro
tional to the differentiation of the orientational order parameterS1 with
respect to the molecular areaa.euse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
4558 J. Chem. Phys., Vol. 109, No. 11, 15 September 1998 Wu, Ou-Yang, and IwamotoTABLE I. Calculated results of tilt angleuc , orientational order parameters^cosu& and^cos
2 u&, orientational fluctuation̂DS1
2&5^(cosu2^cosu&)2&, and the
additional dielectric constantDeori in the normal-director phase and the tilted-director phase, respectively.
Parameter Tilted-director phase
a 0.10 0.15 0.20 0.25 0.30 0.35 0.40
uc 0.240 0.270 0.284 0.286 0.277 0.255 0
uA 0.322 0.398 0.464 0.524 0.580 0.633 0.685
^cosu& 0.972 0.957 0.941 0.926 0.910 0.895 0.884
^cos2 u& 0.946 0.917 0.887 0.858 0.831 0.804 0.785
^DS1
2& 2.1831024 4.9531024 9.0331024 1.4631023 2.1731023 3.0831023 4.2331023
Deori 3.34310
26 8.4831026 1.6031025 2.6031025 3.8431025 5.3731025 7.2731025
Parameter Normal-director phase
a 0.40 0.45 0.50 0.55 0.60 0.65 0.70
uc 0 0 0 0 0 0 0
uA 0.685 0.735 0.785 0.835 0.886 0.938 0.991
^cosu& 0.884 0.867 0.849 0.830 0.810 0.789 0.767
^cos2 u& 0.785 0.756 0.727 0.698 0.668 0.639 0.605
^DS1
2& 4.2331023 5.5531023 7.1331023 9.0131023 1.1231022 1.3931022 1.7031022
Deori 7.27310












3expS 2 m2gza23/2S1~114pe0agza23/2!kT cosu D
3df sin u du, ~33!
where Z is given by Eq.~3!. From Eq. ~33!, the relation-
ship betweenS1 and a can be given quantitatively and dis
cretely by assuming certain molecular parameters. H
we choose m50.8 D, T5300 K, a50.8 Å3, gy51.78
31039 m23, gz52.38310
38 m23, and l 510 Å, as an
example.22,24 The result is shown in Table I.
B. Tilted-director smectic phase „A/A 0<ac…
In the tilted-director smectic phase, the director of t





Downloaded 21 Jul 2013 to 210.34.4.209. This article is copyrighted as indicated in the abstract. Rre
uc , which is determined by the state equation, Eq.~27!. The
interaction energy between the dipole momentm at the origin
discussed and the interaction field, Eq.~1!, induced by its
neighboring molecules in a 2D lattice~which is expressed by
gy andgz!, is given by
Wt~u,f!52~gy tan uc sin u cosf2gz cosu!a
23/2mmz







The first orientational order parameter in this phase, sim












theThe result is also shown in Table I.
IV. DISCUSSION
According to Eq.~27!, the polar orientational phase tran
sition induced by monolayer compression in smectic mo
layer films is a second-order one. This is an analog to tha
LCs.17 Nevertheless, such a phase transition in sme
monolayer films is different from the orientational pha
transition ~e.g., smectic C–smectic A! in LCs, in that in-
in
ic
monolayer films, it depends on an in-plane molecular c
figuration, which is a characteristic of monolayer films.8 The
dependence of physical quantities such as the average d
moment in the normal direction~proportional to the first ori-
entational order parameterS1! or the dielectric constant on
the molecular areaA, also demonstrates the feature of mon
layer films. The influence of the molecular configuration a
the molecular area on the dielectric constant comes from
structural difference between monolayers and LCs, i.e.,

























































4559J. Chem. Phys., Vol. 109, No. 11, 15 September 1998 Wu, Ou-Yang, and IwamotoA. Orientational order parameter S1
The first orientational order parameterS1 of smectic
monolayer films in the normal-director phase can be view
as a special case of the tilted-director smectic phase w
uc50. That is, in the case whenuc50, Eq.~35! degenerates
to Eq. ~33!, and the tilted-director smectic monolayer film
@Eq. ~17!# return to normal-director smectic monolayer film
Figure 2, which is plotted according to Table I, shows t
first orientational order parameterS1 in the normal-director
phase and the tilted-director phase for smectic monolay
The first orientational order parameter increases graduall
the normal-director smectic phase followed by a sudden
crease of slope, as the monolayer film is compressed to
critical molecular areaac . The continuity and the abrup
change of the slope of the orientational order parameterS1 at
the critical molecular areac in Fig. 2 clearly indicates tha
the monolayer film undergoes a second-order polar orie
tional phase transition atac during the monolayer compres
sion process.
B. Dielectric constant
It is clear from Eq.~17! that the additional dielectric
constant to the vacuum value 1 is proportional to the dip
density 1/Ah. Monolayers with higher density would giv
rise to an internal electric field, which tends to lead to
larger dielectric constant for the monolayer films. This is n
a feature specific to monolayer films, but a general rule
almost all dielectric materials. The lower limit of the dipo
density, of course, is zero, which is nothing but the case
vacuum.
1. Polar orientation
Interestingly, the dielectric constant of smectic monola
ers contributed by the polar orientational effect is prop
tional to the orientational fluctuation@^cos2 u&2^cosu&2
5^(cosu2^cosu&)2&[^DS1
2&# of the constituent molecules i
monolayer films. This is not surprising becausee r is a con-
stant reflecting the dielectric reactivity, i.e., the respon
ability of constituent molecules in materials to the applic
tion of external fields. The argument is also in agreem
with the result obtained in our previous paper that the die
tric relaxation time is proportional to the orientational flu
tuation of monolayer films, as this kind of behavior is simil












whereDeori refers to the contribution of the molecular or
entation to the dielectric constant. The comparison betw
our previous result of the Debye-type dielectric dispers
for monolayer films29 and Ref. 28 confirms the present arg
ment. Figure 3, which is plotted according to Table I, sho
the simulation result of the additional differential dielectr




















change is found at the critical pointac . A major source for
this feature is the dependence of the additional dielec
constantDeori on the orientational fluctuation̂DS1
2&, which
is a second order compared to the first orientational or
parameterS1 . From Fig. 3, it is also found that the addition
dielectric constant due to the orientational effect decrease
the monolayer film is compressed, which is reasonable as
possible space for molecular orientation becomes small
the orientational effect disappears gradually as a resul
monolayer compression.
For orientational order parameters, an extreme cas





With the above implementation results, it is easy for one





3S m212kT ~12cosuA!214pe0a D . ~39!
The property of the orientational fluctuation dependence
be thought to be the major source for the fact that the ori
tational dielectric constant is described by (12cosuA)
2 law,
which is also obtained as one result in our previous calcu
tion of the apparent dielectric constantes .
11
Another major and striking feature of the additional d
electric constant in Eq.~17! due to polar orientation is that i
can return to the case of the bulk state. In the extreme






3F m23kT14pe0S ā2 16 Da D G , ~40!
of which the orientational part is proportional tom2/3kT.
This is nothing but the characteristic of bulk materials, a
FIG. 3. The dielectric constant of monolayer films contributed by the m
lecular polar orientation under monolayer compression. The simulation
sult shows that the change of the dielectric constant of monolayer film
the phase transition point is trivial compared with the change of the













































































4560 J. Chem. Phys., Vol. 109, No. 11, 15 September 1998 Wu, Ou-Yang, and Iwamotocomparable to the Debye–Langevin equation@Eq. ~5.7! in
Ref. 23#. In this case, the dielectric anisotropy brings abo
an additional electronic polarizability2Da/6 to the differen-
tial dielectric constant for monolayer films.
2. Molecular configuration
The differential dielectric constant as defined in t
present paper is relevant to the molecular configurat
which can be identified by a parametergz . As we can see
from Eq.~17!, the molecular configuration influences the d
ferential dielectric constant through the internal field, whi
dominates the orientational fluctuation^DS1
2& as well as the
molecular orientational distribution~monolayer structure!.
Here it should be noted that no molecular configurat
change is discussed in this paper. The involvement of
molecular configuration change would lead to pattern pr
lems, for example, pattern formation or configurational ph
transition. The discussion on these problems requires
enormous work and is of another issue.
3. Dielectric anisotropy
The effect of the dielectric anisotropy of the constitue
molecules can be illustrated by simply introducing an app
ent electronic polarizabilityaeff , which is expressed by Eq
~12!. The induced additional electronic polarizabilityaani




is found to only depend on the second orientational or
parameterS2 . The extreme case of the bulk state whenS2
50 shows that the additional dielectric polarizability dege
erates to2Da/6, and the dielectric anisotropy has a negat
effect on the electronic polarizability of monolayer films.
For a full understanding of the orientational phase tr
sition process discussed above, it is crucially important
find an experimental way to determine the orientatio
phase transition point. From the dielectric constant in
normal-director phase and the tilted-director phase~Fig. 3!, it
can be found that the change of the differential dielec
constant is trivial compared with the change of the first o
entational order parameterS2 . Observing such a phase tra
sition by a dielectric constant therefore can be expected t
difficult. Fortunately, the change of the first orientational o
der parameter, though being second order, is explicit. T
implies that the critical area c of the polar orientationa
phase transition induced by monolayer compression can
measured by, for example, the Maxwell-displaceme
current ~MDC! measuring technique,30 as the first orienta-






dA S mzA D52 BmgL ddA S 1esAD , ~42!
with a consideration of Eq.~6!. Here B is the area of the
upper electrode suspended in air,L is the distance be
tween the upper electrode and the water surface,
g(52dA/dt) is the monolayer compression speed. The s


























constantes , as expressed by Eq.~42!, supports the state
ments on the merits of the apparent dielectric constant m
tioned in Sec. I. From the abrupt change of experimen
MDC, it is possible to find out the orientational phase tra
sition point a5ac . If such an argument holds, one mig
expect that the MDC technique is a good measuring te
nique to observe the critical molecular areaac of the polar
orientational phase transition, and will support the predict
by the present theory.
The calculation of intermolecular electrostatic intera
tion in this paper is a discrete treatment. The operation of
internal electric field at the origin discussed is implemen
by summing up the electric field produced by its neighbor
molecules in a 2D discrete lattice. This is different from t
integral treatment used in the domain calculation by
McConnell group.4 They presented a theory that the shap
of 2D solid domains of the phospholipid are determined b
competition between repulsive electrostatic forces and in
facial line tension. The domain shape determination as
veloped by McConnellet al. is, in fact, a quasicontinuum
calculation, and the molecular configuration was not cons
ered. Therefore in the future study of configurational pha
transition, the problem of describing the molecular config
ration remains if one adds the elastic energy, which is ba
on the continuum theory, to the electrostatic energy.
Here it should be pointed out that in the real monolay
films under monolayer compression, a sequence of ph
transitions, including the polar orientational phase transit
discussed in this paper and the configurational phase tra
tion, may occur. Understanding the whole process would
quire an extensive study on the configurational phase tra
tion and other phase transitions occurring in the wh
compression process. Nevertheless, the introduction of
self-consistent theory to the polar orientational phase tra
tion for smectic monolayer films is clearly a major step fo
ward for a profound understanding of the smectic monola
films.
V. CONCLUSION
The differential dielectric constant is discovered and
general expression is given for monolayer films. The orie
tational effect on the differential dielectric constant is fou
to be proportional to the orientational fluctuation and d
creases steadily as the monolayer films are compressed
polar orientational phase transition induced by monola
compression is examined and found to be a second-o
one. It is an important implication that only monolayer film
with certain kinds of molecular configurations can have su
a phase transition from the necessary condition ongy and
gz . It is also found that the difference of the dielectric co
stant between normal-director smectic monolayers and til
director smectic monolayers in free space is trivial compa
with the change of the orientational order parameterS1 . This
reveals that the MDC technique is an appropriate candid
for observing such a phase transition.
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